Purpose: To develop a 256-channel dense-array electroencephalography (dEEG) sensor net (the Ink-Net) using highresistance polymer thick film (PTF) technology to improve safety and data quality during simultaneous dEEG/MRI. Methods: Heating safety was assessed with temperature measurements in an anthropomorphic head phantom during a 30-min, induced-heating scan at 7T. MRI quality assessment used B1 field mapping and functional MRI (fMRI) retinotopic scans in three humans at 3T. Performance of the 256-channel PTF Ink-Net was compared with a 256-channel MR-conditional copper-wired electroencephalography (EEG) net and to scans with no sensor net. A visual evoked potential paradigm assessed EEG quality within and outside the 3T scanner. Results: Phantom temperature measurements revealed nonsignificant heating (ISO 10974) in the presence of either EEG net. In human B1 field and fMRI scans, the Ink-Net showed greatly reduced cross-modal artifact and less signal degradation than the copper-wired net, and comparable quality to MRI without sensor net. Cross-modal ballistocardiogram artifact in the EEG was comparable for both nets. Conclusion: High-resistance PTF technology can be effectively implemented in a 256-channel dEEG sensor net for MR conditional use at 7T and with significantly improved structural and fMRI data quality as assessed at 3T. 
INTRODUCTION
Researchers and clinicians increasingly employ multimodal brain imaging to converge unique information afforded by each imaging technology. Foremost among these is the fusion of electroencephalography (EEG), a direct measure of electrical cortical activity with millisecond temporal resolution, and functional MRI (fMRI), a measure of the hemodynamic response to cortical and subcortical activity with excellent spatial resolution (1, 2) . Simultaneous EEG/ fMRI is leading to basic science advances in understanding neurovascular coupling and insights into acute and chronic brain disorders (3), but safety risks and cross-modal artifacts have limited widespread adoption thus far (4) .
Safety risks associated with torque and forces from static and spatial gradient fields on EEG instrumentation (5) are easily mitigated by using non-ferromagnetic materials (6) . However, without appropriate precautions, large currents may be induced on the EEG leads (7) by applied radiofrequency (RF) fields, and there are potential increases of the RF power absorbed in the head, leading to risk of tissue heating (8) (9) (10) (11) (12) (13) and burns (14) . Deposition of RF power in the head is affected by EEG lead orientation (15) , RF frequency (15, 16) , number of EEG electrodes/leads (16) , and EEG lead resistivity (17) (18) (19) . EEG electrodes, leads, and conductive pastes can also create eddy currents, shielding, and other perturbations of the static and RF varying fields that degrade the quality of structural and functional MR images (20) (21) (22) (23) (24) (25) . EEG recording likewise suffers from crossmodal artifact (2, 24, (26) (27) (28) , including 1) imaging artifact arising from gradient switching and RF pulses, 2) cryoballistic artifact arising from cryogenic cooling system vibrations, and 3) ballistocardiogram (BCG)-or pulse-artifact arising from cardiac-related body and electrode movement. The imaging artifact can be effectively removed using phase-locked loop synchronization between the MRI and EEG systems to enable distortion-attenuated construction of a moving-average artifact template that can be used in subtraction (29) , and the cryoballistic artifact is typically handled by temporarily turning off the cryogenic pump. The BCG artifact, however, continues to challenge (30) . Both heating and MRI cross-modal artifacts scale with magnetic field strength and the number of EEG electrodes and leads, making simultaneous recordings even more challenging with high-field scanners and dense-array EEG (dEEG) systems, which are otherwise desirable for their increased accuracy in electrical source imaging (31, 32) .
The presence of large RF (and low frequency) currents induced in conventional EEG electrodes and wire leads can be reduced by the use of high-resistance materials, such as polymer thick film (PTF), allowing for safe and high-quality data up to 7T (22, 24, 33) . This was previously demonstrated in a 32-channel sparse-array InkCap prototype (24) . In the present study, we extended this early work by designing and manufacturing a 256-channel dEEG Ink-Net that demonstrates improved MR image quality over a commercial MR-conditional 256-channel dEEG system with wire leads. This ability to acquire 256-channel dEEG, for enhanced spatial sampling, head coverage, and source localization (34) , along with only minimal MR image degradation, will allow for more accurate investigation of the relationship between brain activity and networks revealed by the fusion of these two modalities.
METHODS

dEEG Sensor Nets
Cu-Net
The commercial 256-channel MR-conditional Geodesic Sensor Net (HC GSN 220 MR; Electrical Geodesics, Eugene, Oregon, USA), was used for comparison with the Ink-Net in all tests. The GSN uses a geodesic elastomer tension structure to position 258 low-profile pedestals (256 standard electrodes, along with reference and common electrodes). An AgCl-coated pellet electrode is inserted into each pedestal, and the cavity is filled with a sponge soaked in electrolyte solution (KCl). Leads are copper (Cu) wires (mean lead resistance ¼ 1 V), with 10-kV resistors fitted at the interface to each electrode.
Ink-Net
The prototype 256-channel dEEG Ink-Net replaced the AgCl-coated pellet electrodes and highly conductive copper wire leads of the Cu-Net with high-resistance PTF technology (mean lead resistance ¼ 19 kV, standard deviation [SD] ¼ 4.75 kV). Conductive ink (Engineered Conductive Materials, Delaware, Ohio, USA) electrode pads and leads were screen-printed (GM Nameplate, Inc., Seattle, Washington, USA) onto Melinex (DuPont Teijin Films U.S. Limited Partnership, Chester, Virginia, USA) substrate (see Figure 1 for details). The Ink-Net pieces fit into the GSN elastomer structure, ensuring that the geometry of the two nets was otherwise identical. Ink leads were interfaced to traditional copper-wire leads 8-15 cm outside the head coil.
Heating Safety Assessment: Phantom Testing at 7T
Temperature measurements were conducted using a homogeneous agar-based conductive head phantom (18) , with conductivity (0.5 S/m) as per ASTM 2182 (35) (12, 18, 24) , five probes were inserted ( Fig. 1) , one at the center of the phantom and four below 10-10 International System locations Cz, T7, T8, and the nasion. The remaining two probes were located under electrodes closest to the rods of the 0 (AF8) and 90 (AF7) ports of the transmit birdcage coil, previously shown to exhibit peak heating (12) . To minimize temperature and specific absorption rate (SAR) underestimation, probes were placed at a depth of approximately 5 mm perpendicular to the electrode sponge surface (38) (1 S/s sampling rate) at each probe across the 30-min TSE scan. During scanning, the ventilation fan was turned off to avoid an external cooling confound that would underestimate any temperature increases. The heating sequence was rerun 10 min after the first heating, and Pearson correlations were computed to assess replicability and measurement reliability. All scans used a custom birdcage transmit head coil with a 32-channel receive coil built for the 7T Siemens scanner (Erlangen, Germany). Temperature thresholds and thermally safe scan time exposures were based on ISO 10974 (39).
Data Quality Assessment: Human Testing at 3T
To compare performance of the Ink-Net with the Cu-Net, which is currently approved for use at 3T only, human testing was conducted at 3T rather than 7T. The study was approved by the Institutional Review Boards at University of Oregon and Electrical Geodesics. Three healthy male volunteers (mean age, 50 y [range, 40-60 y]) participated after providing written informed consent. Scans were repeated in three separate 1-h sessions (order counterbalanced) while volunteers were wearing 1) no EEG net (No-Net), 2) the Ink-Net, and 3) the Cu-Net. Participants lay on the bed of a Siemens Allegra head-only 3T scanner (Erlangen, Germany) with the head positioned at the center of a circularly polarized head coil (USA Instruments, Aurora, Ohio, USA) fit with a mirror for viewing backprojected stimuli. For Ink-Net and Cu-Net sessions, nets were plugged into the GES 300 MR amplifier (Electrical Geodesics) placed just outside the bore and connected to an EEG recording system in the MR control room.
Structural MRI Assessment: B1 Field Mapping
The double angle method (40) assessed the influence of the EEG nets on B1 field uniformity. Two gradient echo sequences (32 slices; 3 Â 3 Â 3.6 mm 3 voxels; TR/TE ¼ 8000/ 15 ms) were conducted at two flip angles: 60 and 120
(S1 and S2, respectively). The magnitude from each of these volumes was used to calculate the FA in the S1 volume (40) as shown:
Gradient echo data from each of the EEG conditions were registered to the No-Net data for each participant. A combined mask was then created for each participant taking into account any region without signal (due to anatomical reasons, such as low signal in the skull, and to slice prescription differences between conditions) in the original magnitude S2 volumes for all three conditions. This mask was applied to the FA estimates data to enable both qualitative and quantitative comparisons of the B1 field. A thin rod (3 mm diameter) was used to create channels into the phantom to target measurement locations. Temperature probes were then inserted into the channels to lie 5 mm below the phantom surface under the selected electrode locations (and at head center). To make reliable contact between the temperature probes and surrounding phantom tissue, thereby avoiding measurement underestimation, channel cavities around the probes were filled by syringe using thermally conductive grease (Super Thermal Grease II, MG Chemicals, Surrey, British Columbia, Canada). (c) Temperature increase ( C) during a high SAR TSE sequence at 7T to induce heating in an anthropomorphic head phantom wearing: No-Net (left), Cu-Net (middle), and Ink-Net (right). (d) Phantom with No-Net (left), Cu-Net (middle), and Ink-Net (right) with seven temperature probes (orange-encased optical fibers) inserted from base of neck to indicated positions, along with homologous positions AF8 and T8 on right side, and head center. Thermally conductive grease, used to ensure good probe contact with phantom tissue, can be seen at each location. . After applying an additional motion correction to the EPI-PACE prospective series data to remove residual motion misalignment, EPI-PACE data were registered to the MP-RAGE. Next, EPI-PACE data were resampled onto the gray-white matter boundary and smoothed with a 5-mm full width at half maximum (FWHM) two-dimensional smoothing kernel. Finally, phase-encoded retinotopic eccentricity maps were generated by a GLM-based F-test using the real and imaginary components of the eccentricity's phase. The region of interest (ROI) used for data extraction was created with a combined anatomical and functional mask. The anatomical mask consisted of 15 regions (selected to encompass the entire occipital lobe) from the Desikan and Killiany atlas (44) . Log P values for each condition were examined within this anatomical ROI. Then, any vertex from the anatomical ROI with an absolute uncorrected log P value greater than 2 (i.e., uncorrected P < 0.01) in any of the three conditions was included in the functional mask used for comparison across conditions.
EEG Assessment
To assess EEG quality and severity of the challenging BCG artifact independently from gradient and cryogen artifacts, EEG was acquired with the cryogenic pump off and no active MR scanning engaged while subjects viewed simultaneous checkerboard wedges presented to the upper and lower visual field. To compare BCG artifact magnitude with a previous study using a 32-electrode MR-conditional cap (30), 32 matching electrode locations were retained from the dense sensor array for analysis and then an average BCG was computed for each subject across 380 cardiac cycles (30), time-locked to the R-slope (45) of the QRS complex from a simultaneously recorded electrocardiogram (ECG) signal. Lastly, the root mean square (RMS) amplitude was computed over all 32 channels for each time point of the cardiac cycle (Figure 3b) , and the peak RMS value across the cycle served as an index of the BCG artifact magnitude. A visual evoked potential (VEP) time-locked to stimulus onset (N ¼ 1150) was computed after BCG artifact cleaning using the optimal basis sets (OBS) algorithm (46) and was qualitatively compared with the VEP from recordings outside the magnet.
RESULTS
Phantom temperature measurements during the 30-min maximum SAR scan to induce heating revealed (Fig. 1b) that none of the three conditions produced temperature increases greater than 2 C (Table 1) , which is well within ISO 10974 (39) . In all cases, the highest temperature increase was registered at one or both of the probes closest to 0 and 90 port rods (under electrodes AF7
and/or AF8). The maximum temperature increase after 30 min for the No-Net condition (AF7 ¼ 1.8 C) was slightly higher than the Ink-Net (AF8 ¼ 1.5 C) and CuNet (AF8 ¼ 1.6 C). Temperature increases at retest substantially replicated the results in the first recording, but with an expected smaller increase due to a warmer starting condition. Temperature increases after a more typical 15-min interval did not exceed 1 C for either net. B1 flip angle standard deviations, averaged across the three participants, were 14.9 (No-Net), 13.8 (Ink-Net), and 21.6 (Cu-Net), indicating a decrease in B1 field homogeneity in the presence of the Cu-Net only ( Table  2 ). The B1 field maps reveal where the Cu-Net consistently created large B1 artifacts. As seen in Figure 2a , the B1 field maps were largely consistent between the InkNet and No-Net conditions, but with the Cu-Net, two large artifacts were evident: the left inferior temporal lobe and right lateral occipital region. These Cu-Net artifacts are also evident when projected on inflated threedimensional FA difference maps (Fig. 2b, left) . Mean log P values of the fMRI eccentricity mapping (Table 2) revealed that the Ink-Net outperformed the CuNet, with log P values 33% and 52% smaller, respectively, than No-Net. Furthermore, the number of vertices with log P > 2 was smallest for the Cu-Net, indicating the Cu-Net had a smaller significance volume. Figure 2B (center) shows that a larger portion of visual cortex displays significant activation in the Ink-Net condition than the Cu-Net. The Ink-Net map also has a smoother distribution, resulting in fewer patchy peaks.
The BCG artifact ( Fig. 3a) peak RMS magnitude, averaged across the three participants, was moderately larger for the Ink-Net (mean ¼ 112 mV, SD ¼ 5 mV) than the Cu-Net (mean ¼ 91 mV, SD ¼ 24 mV). The VEP recorded outside the magnet was similar for both nets, with the characteristic visual P1, N1 and P2 clearly visible in single-subject average waveforms, and similar topographies and occipital source localization (Fig. 3b, top) . The VEP recorded within the 3T field was somewhat distorted by residual BCG artifact for both the Ink-Net and Cu-Net, but the main topographic features in the VEP and source localization were retained in both (Fig. 3B, bottom) .
DISCUSSION
The prototype high-resistance 256-channel PTF-based dEEG sensor net (Ink-Net) and the commercial 256-channel copper-wired MR-conditional dEEG net (Cu-Net) both demonstrated excellent safety for MR-conditional use at 7T. The Ink-Net, however, displayed greatly reduced cross-modal artifact in the MR images compared with the copper-wired net. Cross-modal BCG artifact in the EEG recordings was comparable for both nets.
The 7T MRI high-power TSE scans to induce worstcase heating of a phantom wearing either the Cu-Net or Ink-Net showed superficial heating in the same range as the phantom with no net. However, this nonsignificant heating is lower than the three degrees or more of heating previously recorded both at 3T and 7T (12, 18) . These higher temperatures, however, were recorded inside the EEG paste or gel and were much closer to the metal electrodes for a worst-case measurement (38) and arguably too conservative for the case of an electrode embedded at the top of a 1-cm-high pedestal. Furthermore, the sponges in the pedestal are generally filled with both electrolyte and air pockets, and we found that the temperature measurements in wet sponges were for the most part unreliable due to the presence of air pockets. When considering only temperatures measured in the actual phantom, adjacent to the surface to simulate scalp heating, our values are in agreement with previous reports (18) . In follow-up, we also repeated the temperature measurement protocol using a lower-powered typical fMRI sequence (two-dimensional EPI sequence: 64 slices, 1.5 mm 3 isotropic resolution, TR/TE ¼ 3,160/21 ms, 12% distance spacing) for the Ink-Net condition (see Supporting Information). As expected, heating was even less, showing less than a 1 C increase after 30 min for all locations in the phantom. Phantom estimation of heating in the human head is somewhat limited by the absence of perfusion and differences in electric field symmetry between the homogeneous phantom head and the heterogeneous human head (47) , which has numerous tissue compartments with varying electrical properties (48) . Furthermore, electrode position relative to MRI coils may vary somewhat across individuals and scanners (49) . Despite these limitations, numerical simulations performed with electrically homogeneous and heterogeneous models have been shown to provide similar electric field estimations (50), suggesting the validity of experimental validations with a geometrically matched homogeneous phantom, commonly used for safety evaluation of MRI-conditional (18) devices.
Across all 3T human tests, the Ink-Net showed considerably reduced cross-modal structural and functional MRI artifact and less signal degradation than the Cu-Net. Structural MRI quality is highly sensitive to B1 field distortion. B1 field mapping (40) revealed severe FA map attenuations with the copper-wired net, replicating previous findings (51) . In striking contrast, the FA map from scans with the Ink-Net was comparable to scans with no net at all. Follow-up analyses identified maximum FA peaks in the frontal areas for the copper-wired net, whereas the Ink-Net and No-Net both had the typical FA maximum peaks in the center of the head. Deformations of the B1 field due to wire leads have been observed at fields of 1.5T to 7T, and with electrode arrays as low as 32 channels (22), so the enhanced MR image quality due to high-resistance PTF leads is immediately relevant to structural clinical scans and will permit future clinical assessment at higher field strengths and EEG channel counts without compromising important clinical MRI signal integrity.
Functional MRI retinotopic mapping is a highly sensitive paradigm selected here to rigorously test the robustness of the BOLD signal in the presence of EEG leads. Phase-encoded retinotopic eccentricity maps while wearing the Ink-Net resulted in somewhat less robust maps than scans with no net, perhaps due to the greater distance of the occipital lobe from the head coil caused by the 1-cm height of the electrode pedestals in the EEG nets. Signal-to-noise ratio (SNR) of MRI data is greatly affected by distance of the coil from the scanned volume (in this case, occipital lobe) (52) . Using the same 12-channel head coil as here, Wiggins and colleagues Poulsen et al.
showed that SNR drops from $53% to $42% as one moves from the SNR peak in the occipital lobe to 1 cm anterior. Use of a blank net (i.e., pedestal structure without electrodes or leads) in future studies would help control for this potential confound. The Ink-Net did, however, perform considerably better than the Cu-Net, indicating that the Ink-Net caused less BOLD signal degradation than did traditional copper-wired EEG and Cu-Net (right) recordings outside (top) and inside (bottom) a 3T scanner field after BCG artifact cleaning. Low resolution electromagnetic tomography (LORETA) distributed linear inverse source localization computed at the time of the negative peak (visual N1) using GeoSource software (Electrical Geodesics) shows maximal activity in the medial occipital cortex (indicated by crosshair) in all cases. Additional lower-amplitude source activity in 3T solutions is likely due to misallocated residual BCG artifact. Data were filtered at 0. 3 would show reduced BOLD due to shielding from the copper leads. Furthermore, the spiral in/out kspace sampling sequence used by Luo et al. was designed to improve SNR and reduce dropout artifacts (53) , while the sequence employed here was the more commonly used linear k-space sampling.
EEG quality recorded outside the scanner was similar for the Ink-Net and commercial Cu-Net. EEG quality and magnitude of cross-modal BCG artifact inside the 3T scanner (static field without active scanning) was also comparable for both nets. Indeed, lead resistance and other design and lead routing differences among the EEG nets used here and the EEG cap used by Mullinger et al. (30) appeared to have little impact on BCG artifact magnitude and quality of EEG signal. Future work should focus on improving BCG artifact separation and postacquisition signal processing (54) (55) (56) .
In conclusion, the present study shows that highresistance, conductive inks printed on PTF substrate can be effectively applied to the construction of electrodes and leads for a dEEG system with up to 256 channels. The prototype 256-channel Ink-Net demonstrated safe use during scanning at 7T field strength, with comparable EEG quality and little to negligible MRI artifact or signal loss as tested in humans at 3T, in contrast to considerable MRI degradation when using a 256-channel MR-conditional EEG net with conventional copper leads.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Fig. S1 . Location of six temperature probes inserted from base of neck to indicated positions (Nasion, Cz, T7, T8, AF7 and AF8). A seventh temperature probe was pushed outside the phantom to measure the air. 
